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Introduction
A report in 2011 1 described the trans-and head-to-tail-selective (trans,HT) ring-opening metathesis polymerization (ROMP) of a series of 3-substituted cyclooctenes (3-RCOE; R = Me, Et, Hex, Ph) employing ruthenium catalyst G2 as the initiator (Scheme 1). This is a relatively rare example 2 of a ROMP by a ruthenium-based catalyst that results in formation of a polymer with a high degree of stereoselectivity and regioselectivity. Hydrogenation of the resulting poly(3-RCOE) samples led to precision linear low-density polyethylenes (LLDPEs). Racemic monomers were employed and no stereoselectivity between neighboring monomer units in the polymer was reported.
Scheme 1. ROMP of 3-substituted cyclooctenes followed by hydrogenation.
Certain Mo-based and W-based MonoAryloxide Pyrrolide (MAP) catalysts of the type M(NR)(CHR')(Pyrrolide)(OR") are highly selective for forming polymers with Z-olefin linkages from substituted norbornenes and norbornadienes. 3, 4 Even cyclooctene and 1,5-cyclooctadiene could be polymerized Z-selectively to give cis-polycyclooctene and cis-poly-1,5-cyclooctadiene; 3a we believe these to be the first reports of the Z-selective ROMP of each of these monomers. 5 MAP catalysts also can produce polymers from racemic 2,3-disubstituted norbornenes to give cis,syndiotactic,alt polymer structures in which the chirality of the monomer alternates (alt) along the cis,syndiotactic chain. 3c (An alternating structure results from inversion of the configuration of a metal center with each insertion.) We became interested in whether Z-selective ROMP using 
G2
MAP catalysts could be extended to the 3-RCOE monomers and report the results of our first investigations here.
RESULTS

Synthesis of a Molybdenum t-Butylimido MAP Catalyst
We began our investigations with the adamantylimido complex Mo(NAd)(CHCMe 2 Ph)(Pyr)(OHMT) (OHMT = 2,6-dimesitylphenoxide, 1a; see below), because it has been shown to be highly Z-selective for ROMP of substituted norbornadienes. 3a The recently prepared alkylimido MAP catalyst of tungsten, W(N-t-Bu)(CH-t-Bu)(Pyr)(OHMT) (1c), 6 was also chosen to study for comparative purposes. The polymerization behavior by unknown Mo(N-t-Bu)(CH-t-Bu)(Pyr)(OHMT) (1b) could provide a direct comparison between Mo (1b) and W (1c) in the context of ROMP of 3-RCOEs. Therefore, we first explored the possibility of synthesizing 1b.
Osborn, et al. 7 reported that the reaction between Mo(N-t-Bu) 2 (CH 2 -t-Bu) 2 and hexafluoro-2-propanol generated Mo(N-t-Bu)(CH- of the more basic t-butylimido group by pentafluorophenol in the mixed imido species, Mo(N-2,6-i-Pr 2 C 6 H 3 )(N-t-Bu)(CH 2 CMe 2 R) 2 (R = Me or Ph). 9 Treatment of 2b with two equivalents of lithium pyrrolide in toluene did not appear to form an isolable bispyrrolide complex in high yield. We have found that syntheses of parent bispyrrolide complexes of this general type are often problematic, for reasons that are not yet clear; syntheses that employ 2,2'-bipy adducts as intermediates have been more successful. 10 Therefore, two equivalents of lithium pyrrolide were added at -35 °C to 2b in diethyl ether (eq 1).
Subsequent addition of 2,2'-bipy led to formation of Mo(N-t-Bu)(CH-t-Bu)(Pyr) 2 (bipy) (eq 1).
The MAP complex, Mo(N-t-Bu)(CH-t-Bu)(Pyr)(OHMT) (1b), was then formed upon treatment of a solution of isolated Mo(N-t-Bu)(CH-t-Bu)(Pyr) 2 (bipy) with a mixture of ZnCl 2 (dioxane) and 0.84 equivalents of HMTOH in toluene followed by sonication of the mixture for 21 h. 6 An X-ray structural study of 1b revealed the expected structure with the neopentylidene in the syn orientation with the t-butyl group pointing toward to the imido group ( Figure S11 , Supporting Information). Bond distances and angles are similar to those expected for molybdenum and tungsten imido alkylidene complexes of this general type. 6 Crystallographic details can be found in the Supporting Information.
ROMP of 3-RCOE (R = Me, Hex, Ph)
Three 3-RCOE monomers (where R = methyl, n-hexyl, or phenyl) were polymerized in bulk by Mo(NAd)(CHCMe 2 Ph)(Pyr)(OHMT) (1a), Mo(N-t-Bu)(CH-t-Bu)(Pyr)(OHMT) (1b), and W(N-t-Bu)(CH-t-Bu)(Pyr)(OHMT) (1c) at monomer to catalyst ratios of ~5000:1 (R = Me, Hex) or ~1000:1 (R = Ph). The results are summarized in Table 1 . ROMP of 5000 equivalents of bulk (1)
1b 2b
3-MeCOE or 3-HexCOE with initiators 1a-1c at room temperature led to conversion of monomer to >98% cis,HT-poly(3-RCOE) (HT = head-to-tail), which was isolated by pouring the reaction mixture into methanol. 3-HexCOE is polymerized more slowly than 3-MeCOE as a consequence of the steric demand of the hexyl group relative to the methyl group. Three days at room temperature gave a 78% conversion of 3-HexCOE to cis,HT-poly(3-HexCOE) with 1a (0.02 mol%) as the initiator. Polymerization of 3-HexCOE could be carried out with 0.01 mol% 1c (78% conversion in 2 days at room temperature). The rate of polymerization of 3-PhCOE at 0.02 mol% catalyst loading was impractically slow at 22 °C for all catalysts, so 0.1 mol% catalyst loadings were employed. Initiator 1c appears to be the most active initially for polymerization of 3-PhCOE, but the conversion after 24 h was similar to the conversion employing 1b. Polymerization of 3-HexCOE (5000 equiv) employing 1c at 60 °C yielded poly(3-HexCOE) (46% conversion after 4 h, 71% conversion after 1 day), compared with a 25% conversion after 4 h at room temperature.
Proton NMR spectra of samples prepared at 60 °C were identical to those of poly(3-HexCOE) prepared with 1c at room temperature. Traces of olefinic products (~1% P2 in Figure 3a for 3-MeCOE) were observed after 1 h in addition to the major cis,HT-poly(3-MeCOE) product when initiators 1b and 1c were employed.
These impurities are proposed to be either cyclic oligomers arising from backbiting during therefore, it appears that P2 is consumed to yield cis,HT-poly(3-PhCOE). P2 impurities were not found in the polymers that had been isolated from methanol, consistent with them being cyclic oligomers formed through backbiting.
The rate of opening an unsubstituted metallacyclobutane ring in a molybdacyclobutane complex to yield a proposed methylidene/ethylene intermediate has been proposed to be at least 1000x greater than the rate of opening a tungstacyclobutane complex to yield a methylidene/ethylene intermediate. 11 These findings led to the proposal that Mo catalysts are inherently faster than W analogs if breakdown of the metallacyclic ring is rate limiting. However, for ROMP of 3-HexCOE, tungsten (1c) is more efficient than molybdenum (1b) (See Table 1 ).
One possible reason is that the metallacyclobutanes in these ROMP reactions are substituted and therefore cannot be compared to unsubstituted metallacyclobutane complexes; the rate limiting steps in the two circumstances might be different. It also should be noted that the intermediate in the published studies 11 may not be a methylidene/ethylene complex, but another type of square pyramidal metallacyclobutane in which a metallacycle α carbon atom is in the apical position.
Size Exclusion Chromatography (SEC) data for several polymers prepared with 1c are shown in The value for k p corresponds to the sum of the rate constants for reaction of both diastereomers A and B with either enantiomer of the monomer, i.e., k p = k pA + k pB . Both A and B must react with one enantiomer or the other of the monomer to give an HT insertion product, but at present no details are known. For example, it is not known whether the incoming monomer must add only trans to the pyrrolide, as has been proposed in other ROMP polymerizations with MAP species, 3a-d or whether this "rule" is not necessarily followed in some circumstances. to one side or the other (with N P -W-C α ≠ N P -W-C α' ). The latter structure could be described as either a "distorted TBP" or a square pyramidal (SP') form of the metallacyclobutane, an example of which has been crystallographically characterized recently. 16 However, the SP' structure is not observed in solution as a consequence of its ready interconversion with the "symmetric" TBP structure. Therefore, we conclude that the CHMeEt groups have the same configuration (R,R/S,S) in the structure shown in Figure 6 . "Degenerate" metathesis reactions that consist of methylidene transfer via α,α' disubstituted metallacyclobutane complexes have long been proposed to be facile. 17 To our knowledge these observations are the first that directly reveal the ease of alkylidene exchange in an environment that restricts formation of metallacycles to those in which the α and α' substituents are syn with respect to the imido ligand (syn α /syn α' ).
An abbreviated drawing of a proposed syn α /syn β /syn α' metallacycle intermediate in the ROMP of 3-RCOE monomers is shown in Figure 7 (E) along with the unobserved mechanistic alternative (F). Of the three substituents on the carbon atoms in the metallacyclobutane ring, only one is a methylene group in E (on C β ) but two are methylene groups in F (on C α and C α' ).
Therefore, on the surface E would appear to be the sterically more demanding situation, yet the reaction proceeds via E (vide supra). Clearly the steric interactions within these intermediates are subtle, extensive, and likely to depend upon configurations at chiral carbon in the substituents, the configurations of which are not known. Finally, it is not certain that the configuration of the metal inverts with each insertion, as found in the ROMP of certain norbornenes by MAP initiators related to those employed here. 
Other Initiators
The results of the syntheses of poly(3-HexCOE) employing initiators W(N-2,6-Me 2 C 6 H 3 )(CHCMe 2 Ph)(Pyr)(OHMT) (3a), 18 Mo(NC 6 F 5 )(CHCMe 2 Ph)(ODFT) 2 (3b, ODFT = 2,6-bis(pentafluorophenyl)phenoxide), 19 Mo(NAd)(CHCMe 2 Ph)[OC(CF 3 ) 2 Me] 2 (3c), 20 and W(O)(CHt-Bu)(Me 2 Pyr)(OHMT)(PPhMe 2 ) (3d) 21 are shown in Table 3 . Inititator 3a performs well in terms of Z-selectivity (>98%), but the apparent polymerization rate is approximately half the rate of polymerization of 3-HexCOE by 1b or 1c. The bisaryloxide (3b) and bisalkoxide (3b) initiators allow significant amounts of trans polymer HT linkages to form.
W(O)(CH-t-
Bu)(Me 2 Pyr)(OHMT)(PPhMe 2 ) was found to be a poor catalyst. Coordination of the phosphine to tungsten in the propagating species formed from 3d could slow the rate of polymerization to some degree, although the phosphine is known to be 60% dissociated in a 20 mM solution of 3d itself in
It is interesting to note that the rate of formation of >98% cis polymer from 3a (1175 TO/day) is essentially the same as the rate of formation of 57% cis polymer (1200 TO/day) prepared from 3c (Table 3) . It also should be noted that an analog of 1c bearing a 2,5-dimethylpyrrolide ligand, i.e., W(N-t-Bu)(CH-t-Bu)(Me 2 Pyr)(OHMT), showed essentially no ROMP activity with 3-HexCOE. The dramatic decrease in activity upon replacing a parent pyrrolide ligand in 1c with a 2,5-dimethylpyrrolide ligand emphasizes the sensitive nature of the polymerization to steric changes and possibly also indicates that a 2,5-dimethylpyrrolide in the Hexafluoro-2-propanol (0.32 mL, 3.04 mmol) was added and the mixture was stirred at room temperature for 23 h. The solvents were removed in vacuo. A small quantity of pentane was added to the off-white solid and the first crop of product was collected via filtration. The filtrate was concentrated and cooled to -30 ºC to give a second crop of product; total yield 0.23 g (26%): 1 Therefore Mo(N-t-Bu)(CH-t-Bu)(Pyr) 2 (bipy) was employed in the synthesis of Mo(N-t-Bu)(CH-tBu)(Pyr)(OHMT) (see immediately below) without purification. 
Mo(N-t-Bu)(CH-t-Bu)(Pyr)(OHMT
